The crystal structures of sparteinium tetrachlorocuprate monohydrate [(C 15 H 28 ) as opposed to the magnetically isolated paramagnetism observed for 1. The results of comparative magneto-structural investigations of 1 and 2 suggest that the pathway for the weak anti-ferromagnetic super-exchange in 2 might be through a Cu-Br ÎBr-Cu contact.
Introduction
The tetrahalometalate compounds with various organic countercations have been the subject of many theoretical, [1] [2] [3] structural, [4] [5] [6] [7] [8] and magneto-structural [9] [10] [11] [12] [13] [14] [15] [16] studies. Among them, the four-coordinate tetrahalocuprate(II) ions have been found to possess a variety of geometries from square-planar to near tetrahedral symmetry and the stereochemistry of the tetrahalocuprate ion is known to be influenced by the nature of the countercations and by the presence of hydrogen bonding interaction. The magneto-structural relationships in the tetrahalocuprate compounds have been intensively studied, and in view of the weak anti-ferromagnetic interaction in the copper(II)-halide systems, the hydrogen bonding and the "halide-halide" contact (the Cu-X ÎX-Cu contact) are known to be very important pathways for the magnetic exchange. The magnetic exchange via "halidehalide" contact is benefited by the substantial overlap of the magnetic orbitals of the non-bonded halides and is well established for the copper(II)-bromide system. [10] [11] [12] [13] [14] The hydrogen bonding in this type of molecule is also known to provide a pathway for the magnetic super-exchange. 15, 16 In this work, we report on the preparation, crystal structures, and magnetic properties of sparteinium tetrachlorocuprate monohydrate (C15H28N2)CuCl4·H2O, 1 and sparteinium tetrabromocuprate monohydrate [C15H28N2]CuBr4·H2O, 2, and propose a possible magnetic exchange pathway for the weak anti-ferromagnetic interaction in 2. (−)-Sparteine base C15H26N2 has been utilized in the preparation of many tetrahedrally distorted copper(II) compounds, 17 and the choice of this base was determined by the presence of two tertiary amine nitrogen atoms capable of establishing strong hydrogen bonds, which can stabilize the crystal structure of the compounds.
Experimental Section
Materials and Preparation. All reagents and solvents were obtained commercially either from Sigma Chemicals or Aldrich Chemicals. Anhydrous ethanol was distilled from calcium hydride and stored under argon. (−)-Sparteine, C 15 H 26 N 2 was purchased from Sigma Chemicals and was used without further purification. (−)-Sparteinium tetrachlorocuprate(II) compound was prepared from a direct reaction between C15H26N2 and CuCl2·2H2O. (−)-Sparteine (1.4 mL, 6.09 mmol) dissolved in ethanol (50 mL) was added to an excess of concentrated HCl (15.2 mmol; ~2.5 times of sparteine base). To this solution, 1.03 g (6.04 mmol) of CuCl2·2H2O dissolved also in ethanol (10 mL) was added. The resulting solution was stirred vigorously for 3 hrs at room temperature and then was refrigerated overnight. The resulting orange-yellow precipitate was filtered off, washed with cold absolute ethanol, and dried in a vacuum. (−)-Sparteinium tetrabromocuprate compound was prepared according to a similar procedure; (−)-sparteine (1.4 mL, 6.09 mmol), dissolved in 50 mL of ethanol-triethylorthoformate mixture (5 : 1 v/v), was added to an excess of concentrated HBr (15.2 mmol; ~2.5 times of sparteine base). To this solution, 1.36 g (6.09 mmol) of anhydrous CuBr2, dissolved in 10 mL of ethanol-triethylorthoformate mixture Both crystals are unstable when exposed to moisture and became opaque upon standing in moisture under room temperature conditions. However, it is possible to store them safely by keeping them in a dry atmosphere in a desicator or in a tightly closed vial.
Physical Measurements. Elemental analyses were carried out using a Profile HV-3 Elemental Analyzer System (Germany) at the Korean Basic Science Institute (Pusan Branch).
Magnetic susceptibility measurements were made on a powdered sample over the temperature range of 5 K to 300 K with a Quantum Design MPMS7-SQUID susceptometer at the Korean Basic Science Institute (Seoul Branch). The data were corrected for the diamagnetism of the constituent atoms with Pascal's constants.
X-ray Single Crystal Structure Determination. Crystals 1 and 2 for X-ray analysis were obtained by slow evaporation from concentrated HCl and HBr aqueous solution, respectively. A yellow crystal of 1 of approximate dimensions 0.43 × 0.36 × 0.30 mm and a dark violet crystal of 2, 0.30 × 0.23 × 0.20 mm, were mounted and aligned on a CAD-4 diffractometer. 18 The accurate cell parameters were refined from the setting angles of 25 reflections with 11.49 o < θ < 12.75 o for 1 and 24 reflections with 11.51 o < θ < 12.67 o for 2. 2910 independent reflections for 1 in an asymmetric unit in range -1 ≤ h ≤ 10, 0 ≤ k ≤ 19, 0 ≤ l ≤ 21 and 3096 independent reflections for 2 in an asymmetric unit in range -1 ≤ h ≤ 11, 0 ≤ k ≤ 19, 0 ≤ l ≤ 21 were collected using graphite-monochromated Mo Kα radiation and ω/2θ scan mode.
All non-H atoms were found by the direct method and their parameters were refined successfully by full matrix least-squares. The weights used for least-squares refinement were w
] is a function of intensity. All H atoms except two H atoms (H1 and H9 of 1) were geometrically positioned and fixed. Empirical absorption corrections were applied to the intensity data for crystals 1 and 2 by using psi-scans (T max and Tmin are 0.6129 and 0.5409 for 1, and 0.3429 and 0.2209 for 2, respectively). Data collection and cell refinement: CAD4 Express. 19 Data reduction: XCAD4. 20 Program used to solve structure and to refine structure: SHELXS97 and SHELXL97. 21 Molecular graphics: ORTEP-3 for Windows. 
Results and Discussion
Structure. The X-ray structures of crystals 1 and 2 were determined; the crystallographic data and structural refinement parameters are summarized in Table 1 . Views of the molecular structures of 1 and 2 are shown in Figure 1 , and the pertinent bond length and angle information for the two crystals are given in Tables 2 and 3 , and one water molecule, held together by the hydrogen bonding interactions as shown in Figure 2 . There are several different types of hydrogen bonding interactions present in the crystal structures; in both crystals 1 and 2, the doubly protonated sparteinium group form one hydrogen bond with a halogen atom of the CuX 4 2− unit and another hydrogen bond with an oxygen atom of a water molecule. The water molecule forms a bifurcated hydrogen bonds to two cis-Cl atoms of the CuCl 4 2− unit and another hydrogen bond with a Cl atom in 1. However, the water molecule does not form a bifurcated hydrogen bond in 2. Overall, the crystals 1 and 2 are stabilized into their crystal structures via the various types of hydrogen bonding interactions and the inclusion of a water molecule in 1 and 2 seems essential for the stabilization of their molecular packing structures. The conformations of four rings of doubly protonated sparteinium cations both in crystals 1 and 2 are in the form of chair-chair-boat-chair, while the conformations of free (−)-sparteine base and monoprotonated (−)-sparteinium cation are reported to be in all chair forms. 23 As described in scheme 1, (−)-sparteine and its epimers are known to undergo its conformational-configurational rearrangement in solution. 24 It is reasonable to suggest that the "chair-chairboat chair" conformation provides much less steric repulsion between two protons, and only this conformation allow the formation of doubly protonated sparteinium cations.
As far as the geometries of CuCl 4 2− and CuBr 4 2− anions are concerned, the Cu-Cl distances are in the range 2.199-2.343 Å, and the Cu-Br distances are in the range 2.344-2.459 Å, both being similar to those usually found for analogous compounds. The shortest bond distance (Cu-Cl4) in 1 is 2.1998(15) Å and the shortest bond distance (Cu-Br4) in 2 is 2.344(2) Å. These results are well expected since only Cl4 and Br4 halogen atoms in CuX 4 2− units do not participate in the hydrogen bonding interactions in 1 and 2. o for the perfect tetrahedron. The dihedral angles between the two X-Cu-X planes (X = Cl or Br) in trans position are summarized in Table 5 .
The interatomic distance between the two nearest copper atoms in 1 and 2 are 8.221 Å and 8.372 Å, respectively. The nearest non-bonded distances between the copper and halogen atom in 1 and 2, are 5.950 Å and 5.980 Å respectively, too far to allow the formation of a dimeric unit with Cu-Cl-Cu or Br-Cu-Br bridges. The intermolecular distances between the two nearest halogen atoms in crystals 1 and 2 are 4.523 Å and 4.560 Å, respectively.
Magnetic Properties. Magnetic data for crystals 1 and 2 was collected as a function of temperature (5-300 K). As shown in Figure 3a , magnetic susceptibility data for 1 follows the Curie-Weiss law in the whole temperature range 5-300 K, yielding θ = -1.5 × 10 −4 K and C = 0.44 cm
, and indicating the simple paramagnetism of 1. Magnetic susceptibility data for 2 also follows the CurieWeiss law above 20 K, yielding θ = -6.1 K and C = 0.44 cm
. Below 20 K, however, there is a marked deviation from Curie-Weiss behavior. Figure 3b shows a plot of magnetic susceptibility vs. temperature for 2 in the low temperature region (5-60 K). The susceptibility curves exhibit a broad maximum at 6.2 K indicating a weak antiferromagnetic coupling. From the broad shape of the curve, and the fact that the susceptibility does not appear to tend to (7) 2.53 (7) 3.204 (7) Cl2-Cu-Cl4 89.12(5) Cl1-Cu-Cl4
Cl2-Cu-Cl3 70.07(5)
Br2-Cu-Br4 89.12(6) Br1-Cu-Br4
Br2-Cu-Br3 68.54(7) zero as the temperature approaches zero, it is probable that the infinite linear chain model should be able to account for the observed susceptibility. The magnetic data has been analyzed using the theoretical expression (the Hamiltonian being ) proposed by Hall 25 (1)
The above expression resulted from the numerical results of Bonner and Fisher 26 and has been widely used for the analysis of magnetic data. The best fit was obtained by minimizing the sum of the deviations squared times the temperature squared, i.e.,
. The fitting results are J = -3.24 cm −1 and g = 2.14. The experimental g value of 2 at 77 K is 2.127. Several super-exchange pathways can be considered for the explanation of the observed weak anti-ferromagnetism of 2. The interatomic distance between the two nearest copper atoms (8.372 Å) in 2 is also too long to allow the direct dipolar interaction between them. The hydrogen bonding interactions in 2 and the resulting linear chain might be considered to be a possible exchange pathway. However, if the hydrogen bonding interactions provide the exchange pathway in 2, one might expect to observe a certain degree of anti-ferromagnetism in 1 which, in contrary, exhibits a simple paramagnetism. The BrÎBr contact distance of 4.560 Å in 2 is longer by ~0.66 Å than the sum of the van der Waals radii of two bromine atoms (3.90 Å), 27 but is in the range of typical BrÎBr contact distances (3.86-4.60 Å), usually observed in the anti-ferromagnetic tetrabromocuprate compounds. 3, 10, 12 The ClÎCl contact distance (4.523 Å) in 1 is considerably longer than the sum of van der Waals radii of two chlorine atoms (3.60 Å) 27 28 As a result, the magnetic super exchange via the Cu-ClÎCl-Cu contact is not likely to be observed in 1, which actually exhibits simple paramagnetism as opposed to the anti-ferromagnetic behavior of 2. The difference in magnetic behaviors of 1 and 2 is most probably attributable to the differences in the "halide-halide" contact distances and to the different degree of magnetic orbital overlaps in 1 and 2.
The magnitude of the "halide-halide" contact interaction are known to depend also on the geometry of the superexchange pathway through such parameters as the mean trans angle of the CuBr 4 2− ion and the dihedral angle between the two Cu-BrÎBr planes 11, 29 In 2, the torsion angle of the Cu-Br1 ÎBr2-Cu contact pathway is -139. Figure 4 ) and the BrÎBr interaction is mainly the intrachain type. The inter-chain type of interaction can be neglected; the nearest inter-chain BrÎBr distance is 4.560 Å.
From the comparative magneto-structural investigation of 1 and 2, we suggest that the magnetic super-exchange for the weak antiferromagnetic interaction in crystal 2 occurs most probably through the Cu-BrÎBr-Cu contacts denoted by dashed lines in 
